SUMMARY The input impedance of the systemic circulation was calculated from recordings of pulsatile pressure and flow in the ascending aorta of 20 patients. Ten patients had clinical and hemodynamic evidence of heart failure. The other 10 subjects had no clinical evidence of heart failure and were used as a control group. In the heart failure patients, both input resistance and characteristic impedance (index of aortic distensibility) were significantly increased compared to pressureand age-matched control subjects. Oscillations of impedance moduli, represented by the difference between maximum and minimum moduli, were also significantly increased in the heart failure patients compared with the control subjects. The increased characteristic input impedance in these heart failure patients suggests that the human aorta is stiffer in heart failure, and the larger oscillations in the impedance spectrum indicate an increase in pressure and flow wave reflections. From reflected wave theory in elastic tubes, reflected pressure waves add to the amplitude of incident pressure waves at the entrance of the system, whereas reflected flow waves subtract from the magnitude of the forward flow. Thus, changes in aortic distensibility could have an important influence on the pulsatile function of the failing left ventricle.
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Where Ved is end-diastolic volume, Vw is LV-muscle volume, a and b are internal and external radii, respectively. Midcircumferential wall stress (am) = P (V/Vw) (1 + b3) 2R3 A8 where p is LV pressure, V is instantaneous LV volume, b is external radius and R is (a + b) where (a) is internal radius. SUMMARY The input impedance of the systemic circulation was calculated from recordings of pulsatile pressure and flow in the ascending aorta of 20 patients. Ten patients had clinical and hemodynamic evidence of heart failure. The other 10 subjects had no clinical evidence of heart failure and were used as a control group. In the heart failure patients, both input resistance and characteristic impedance (index of aortic distensibility) were significantly increased compared to pressureand age-matched control subjects. Oscillations of impedance moduli, represented by the difference between maximum and minimum moduli, were also significantly increased in the heart failure patients compared with the control subjects. The increased characteristic input impedance in these heart failure patients suggests that the human aorta is stiffer in heart failure, and the larger oscillations in the impedance spectrum indicate an increase in pressure and flow wave reflections. From reflected wave theory in elastic tubes, reflected pressure waves add to the amplitude of incident pressure waves at the entrance of the system, whereas reflected flow waves subtract from the magnitude of the forward flow. Thus, changes in aortic distensibility could have an important influence on the pulsatile function of the failing left ventricle.
THE AORTA AND LARGE ARTERIES of the systemic circuit are not rigid pipes, but constitute a distensible elastic buffering chamber. These elastic properties permit a damping mechanism through which pulsatile blood flow waves ejected from the left ventricle are converted to a near-constant blood flow for resistance vessels to distribute to systemic capillaries. Elastic properties of these large vessels can be modified by autonomic nervous effects on vascular smooth muscle cells with only minor changes in vessel dimensions.' Recent studies in our laboratories suggest that age and the presence of atherosclerosis may also be important in modifying the elastic properties of large vessels.2
In heart failure, previous studies have emphasized abnormal ventricular and peripheral hemodynamic responses.' The peripheral responses consist of abnormal vasoconstriction both at rest and during exercise.' The latter changes were thought to be compensatory and possibly important in maintaining regional blood flow.5 6 Recent interest in these so-called "compensatory" changes in vascular resistance has emerged due to the application of vasodilator therapy in patients with heart failure.7 These studies suggest that the failing ventricle's pump performance is markedly influenced by alterations of the mean component of the total resistive load. Alterations of aortic distensibility also have the potential to alter the dynamic or pulsatile component of the vascular load. 2, [8] [9] [10] This alteration could be deleterious in the patient with a failing ventricle. A study of this part of the ventricular afterload in patients with heart failure has not been reported. In this investigation we studied the total impedance spectrum at the input to the systemic arterial system in patients with heart failure. These findings were compared to measurements made in age-matched subjects with similar aortic pressure who had no evidence of heart failure. These findings may also be useful in providing a basis for future investigation of agents designed to reduce the pulsatile component of afterload. 
Methods

Patients
Patients with clinical evidence of congestive heart failure scheduled to undergo diagnostic catheterization studies were invited to participate in this investigation. Each of these patients had dyspnea on exertion, cardiomegaly and gallop rhythms. The experimental protocol, specifically defining the cathetertip velocity flow probe and related procedures, was approved by appropriate institutional committees for clinical investigation, and informed consent was obtained. Only patients with heart failure due to cardiomyopathy were included. In four patients this process was thought to be of alcoholic origin (patients 1-4, table 1), while no cause was apparent in the other six patients. Patients with coronary, valvular or congenital heart disease were specifically excluded. The heart failure group consisted of 10 patients, mean age 46 years ± 3.2 years (SEM). Each heart failure patient was matched for arterial pressure and age (± 3 years) with a subject who had no clinical evidence of heart failure. The-latter group of 10 subjects, considered to have normal ventricular function, had no signs or symptoms of heart failure. The non-heart failure group was comprised of these subjects who were undergoing catheterization to evaluate the basis for chest pain syndrome.
Procedures
Studies were conducted in a fasting, postabsorptive state without premedication before administration of angiographic contrast material. Catheterization was performed from a right brachial artery cut-down, using a #8 French catheter-tipped velocity probe (Carolina Medical Electronics). This probe has an electromagnetic blood flow velocity sensor mounted 5 cm from the tip. The tip was advanced through the aortic valve into the left ventricular cavity so that the sensing electrodes were positioned at the upper border of the sinuses of Valsalva. This arrangement stabilizes the probe in the central axis of the aortic root, eliminates signal artifacts that occur if the probe lays against the vessel wall, and minimizes waveform artifacts related to motion. The dynamic frequency response of this system, its calibration and use in man have been described in detail elsewhere. 2 Aortic pressure was measured through the fluidfilled lumen of the velocity catheter with a solid state transducer (Millar Instruments, Houston, Texas) attached directly to the external port. The damped natural frequency of this system ranged from 28-33 Hz, with a damping ratio of 0.11 to 0.21. Left ventricular pressure was recorded with an additional #4 French Millar pressure catheter introduced percutaneously into the left brachial artery. The midchest was used as the zero reference level. Pressure and velocity signals were recorded simultaneously on a multichannel magnetic tape recorder (HewlettPackard). These analog signals were later digitized at a sampling interval of 10 msec by an analog to digital converter (Biomation Model 1015). Pressure and velocity data were transformed to a Fourier series, and aortic input impedance was computed as a function of frequency. The magnitude of the impedance modulus and phase at each harmonic was computed. Impedance at 0.0 Hz or input resistance was determined by dividing mean flow into mean pressure. This resistance is analogous to peripheral vascular resistance excluding the contribution of right atrial pressure. Characteristic impedance was taken as the arithmetic mean of impedance moduli between 2 and 12 Hz. Theoretically, the characteristic impedance depends on the mechanical properties of the vessel studied. The input impedance moduli oscillate around the characteristic value because of pressure and flow waves reflected from distal points.8 To quantitate the oscillations the minimum or lowest impedance modulus was subtracted from the maximum or highest modulus and termed the maximum-minimum impedance modulus difference. This value was divided by the characteristic impedance to determine the maximum oscillation ratio. Pulsatile aortic flow and pressure signals were recorded during a hemodynamically stable period. Pressure and flow measurements were averaged from at least 10 consecutive beats over two respiratory cycles. Mean values and standard errors of the mean were calculated. Comparisons of hemodynamic data, obtained from the heart failure patient group and the age-matched non-heart failure subject control group, were made using the t test. Differences were considered statistically significant when the P value was < 0.05.
Results
Relative hemodynamic data are presented in table 1. The non-heart failure subjects were characterized Input impedance spectra of the human arterial system determined by frequency analysis of simultaneous pressure andflow measurements made in the ascending aorta of a normal subject (closed circles) and a heart failure patient (open circles). Impedance moduli are at the top and phase angles at the bottom. Impedance moduli decline steeply from a relatively high value (185 dyne-sec-cm-5), at low frequencies to a minimum (82 dyne-sec-cm-5) between 4.5 and 5 Hz, followed by large oscillations in the heart failure patient. Characteristic impedance (average ofmoduli > 2 Hz) is 137 dyne-sec-cm-5 compared to 78 dyne-sec-cm-5 in the normal subject. The amplitude of impedance moduli oscillations (185 -82 dyne-sec-cm-5) is much greater in the heart failure patient (103 dyne-sec-cm-5) compared to the normal subject (130 -62 = 68 dyne-sec-cm-5). The increased aortic stiffness in this heart failure patient increases the amplitude of all impedance moduli to higher levels as wave velocity increases, shifting the impedance minimum and "zero-crossing" of the phase angle to higher frequencies. Impedance phase is initially negative (flow leads pressure), crosses zero in the neighborhood of the first modulus minimum (between 3.5 and 4 Hz), and then becomes positive (pressure leadsflow) in the normal subject. Zero intercept is shifted rightward (between 4.5 and 5 Hz) in the heart failure patient. These changes are analogous to those previously described in conscious dogs by stiffening of the aortic wall. 15 by a left ventricular end-diastolic pressure of 10 ± 0.7 mm Hg (mean ± SEM), cardiac index of 2.9 ± 0.14 I/min/M2, stroke volume of 67 ± 6.3 ml/beat and mean aortic pressure of 89 ± 2.8 mm Hg. In contrast, the patients with heart failure had a mean left ventricular end-diastolic pressure of 25 ± 1.3 mm Hg (P < 0.001), cardiac index 1.6 ± 0.09 1/min/M2 (P < 0.001), stroke volume 33 ± 2.8 ml/beat (P < 0.001), and mean aortic pressure of 90 ± 3
(P= NS).
Data relevant to the assessment of the aortic input impedance spectrum are summarized in table 2 and figure 1 from both non-heart failure and heart failure groups. Non-heart failure subjects had a characteristic impedance of 89 ± 7.6 dyne-sec-cm-, maximumminimum impedance modulus difference of 76 ± 7.0 dyne-sec-cm-5, maximum oscillation ratio of 0.88 ± 0.07 and input resistance of 1372 ± 118 dynesec-cm 5. Significant differences between non-heart failure and heart failure groups were noted. Characteristic impedance was 131 + 8.5 dyne-seccm-5 in the heart failure group (P < 0.025 compared to non-heart failure group), maximum-minimum impedance modulus difference 118 ± 7.8 dyne-sec-cm-5, (P < 0.001), and input resistance 2408 ± 239 dynesec-cm-5 (P < 0.005). No significant difference between non-heart failure and heart failure groups was detected for the oscillation ratio which was 0.91 ± 0.05 in heart failure patients.
These differences are illustrated graphically in figure 1 . Representative examples of the input impedance spectra obtained from a subject in the control group and a heart failure patient are shown in figure 2. 
Discussion
Before discussing the results of this study, we would like to present a brief review of certain aspects that form the basis for quantitative analysis of pressureflow relations in the arterial system. The hydraulic input impedance is used to characterize the arterial system.2' 8 The input impedance of an arterial system depends on the dimensions and viscoelasticity of the artery involved, on pressure and flow waves reflected from more distal parts of the arterial tree and, to a lesser degree, on the physical properties of the blood. 8 The characteristic impedance of a large vessel, like the aorta, is directly related to the vessel's distensibility and inversely related to its cross-sectional area.8' 11 If there were no wave reflections, as in an infinitely long tube, frequency-dependent input impedance would equal characteristic impedance. Since the aorta has a finite length and multiple branches, wave reflections are present.8 Reflections affect pressure and flow waves differently. These respective alterations are related to wave velocity and amplitude, and their magnitude is expressed as the reflection coefficient, another complex function. The maximum-minimum impedance modulus difference and the oscillation ratio were used as indices of reflection in this study.
The hydraulic load presented to the left ventricle is expressed as the input impedance of the systemic circulation.2' 8, 9 Input impedance spectra for the arterial tree show the same qualitative behavior in both nora mal man and animal.2' 8 For high frequencies, the aortic input impedance approaches characteristic impedance, suggesting that wave reflections are less for these frequencies. At low frequencies, however, the impedance is grossly different from characteristic impedance.8 This relates, in part, to the fact that for low frequencies wave velocity is high and for high frequencies the wave velocity is low. Considered in terms of the dynamic vascular load, the faster moving low frequency components of reflected pressure waves tend to add to the amplitude of the incident pressure waves at the entrance to the aorta. These components of reflected flow waves, however, tend to subtract from the amplitude of the flow waves. An increase in these wave reflections resulting from an increase in peripheral resistance would cause large oscillations (greater maximum-minimum modulus) in the impedance spectrum at the lower frequencies.8 In contrast, an increase in aortic stiffness would be expected to increase the characteristic impedance. This suggests that the pulsatile component of external cardiac work would be subjected to these corresponding fluctuations in load.
The principal finding in our investigation is that the input impedance spectrum at the entrance to the aorta is significantly altered in heart failure patients. This alteration, in addition to an increase in the mean component or input resistance, consists of an increase in the pulsatile or frequency-dependent impedance component. Characteristic impedance is elevated. The amplitude of the oscillation between the maximum and minimum impedance modulus was significantly larger in heart failure patients compared to non-heart failure subjects. However, when the oscillations were normalized by dividing by the characteristic impedance and expressed as the oscillation ratio (maxmin modulus characteristic impedance), no significant difference between heart failure patients and normal subjects was detected.
Characteristic impedance is directly related to the elastic properties of the vessel wall, but it is inversely related to the cross-sectional area of the vessel. Therefore, the small, nonsignificant difference in aortic cross-sectional area between the two patient groups does not explain the observed impedance difference. Increases in distending pressure and age are known to decrease the compliance of the vascular wall,2 8 12 and experimental stiffening of the aorta by external constraints has been shown to increase characteristic aortic impedance.'0 In the present study, average age and mean pressure were not significantly different between the heart failure and non-heart failure groups. Thus, age and pressure matching eliminated these factors as possible causes of the observed impedance differences.
The increased aortic characteristic impedance implies a less distensible aorta. Several possibilities emerge as tentative explanations for the elevated aortic input impedance in heart failure. First, this finding could be secondary to general sodium retention characteristic of the heart failure state.3`, 1 An elevated sodium content in the aorta has been described in animals with experimental heart failure.14 Administration of mineralocorticoids to induce salt retention has also been shown to increase vascular stiffness.'5 A second possibility is that this elevated aortic input impedance represents the result of chronic stimulation of the alpha adrenergic nervous system in addition to sodium retention.3 When vessel wall tension is elevated in isolated arterial segments by alpha catecholamine administration, there is an increase in stiffness of this vascular segment.'6 Gabe et al. 17 reported an increase in aortic impedance during norepinephrine infusion. The possibility that the impedance increase is secondary to an overdistended aorta operating over a steeper portion of its distensibility relationship (i.e., pressure-diameter) is excluded by the lack of an increased mean distending pressure in the aorta of the heart failure patients compared to the non-heart failure subjects.
The physiologic significance of the elevated load (i.e., input impedance) is speculative. However, some important inferences can be made. The increase in wave reflections resulting from the increase in peripheral resistance causes large oscillations (maximum-minimum) in the impedance spectrum.8 Blood flow and pressure wave reflections also occur in the proximal part of the vascular system. These reflections, particularly at higher frequencies, are largely influenced by relative differences in characteristic impedance between large central vessels and small daughter vessels.'8 Alteration of factors determining the relative characteristic impedance, such as the distensibility of the vessel wall, probably accounts for the observed increase in impedance moduli at higher frequencies in heart failure. Therefore, the changes observed in the frequency-dependent part of the input impedance spectrum indicate that aortic distensibility is reduced in patients with heart failure. Such changes would be expected to alter the dynamic loading conditions of the ejecting ventricle and may account for important functional changes in the diseased ventricle.9' 1" 1 ' This suggests that the pulsatile component of external cardiac work is subjected to corresponding fluctuations and the system may operate less efficiently at certain frequencies compared to others. The present study provides direction for additional investigations relative to these points. Whatever the cause, the entire aortic input impedance spectrum is elevated in patients with heart failure. The stiffness of the aorta appears to be increased and is an additional loading factor with which the failing ventricle must interact. The importance of this alteration in aortic stiffness on pulsatile ventricular function and the distribution of the reduced cardiac output to the periphery is unknown.
